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ABSTRACT
In this contribution, we explore the generation of light in transformation-optical media. When charged particles
move through a transformation-optical material with a speed larger than the phase velocity of light in the medium,
Cherenkov light is emitted. We show that the emitted Cherenkov cone can be modified with longitudinal and
transverse stretching of the coordinates. Transverse coordinates stretching alters only the dimensions of the
cone, whereas longitudinal stretching also changes the apparent velocity of the charged particle. These results
demonstrate that the geometric formalism of transformation optics can be used not only for the manipulation of
light beam trajectories, but also for controlling the emission of light, here for describing the Cherenkov cone in an
arbitrary anisotropic medium. Subsequently, we illustrate this point by designing a radiator for a ring imaging
Cherenkov radiator. Cherenkov radiators are used to identify unknown elementary particles by determining their
mass from the Cherenkov radiation cone that is emitted as they pass through the detector apparatus. However,
at higher particle momentum, the angle of the Cherenkov cone saturates to a value independent of the mass
of the generating particle, making it difficult to effectively distinguish between different particles. Using our
transformation optics description, we show how the Cherenkov cone and the cut-off can be controlled to yield
a radiator medium with enhanced sensitivity for particle identification at higher momentum [Phys. Rev. Lett.
113, 167402 (2014)].
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1. INTRODUCTION
Cherenkov radiation1–3 is a peculiar form of electromagnetic radiation that arises when charged particles travel
through a medium at a velocity greater than the phase velocity of light in that medium.4 Experimentally,
this radiation was discovered by Pavel Cherenkov5 and, theoretically, it was formalized by Ilya Frank and Igor
Tamm.6 Nowadays, this effect is well understood and has been proven useful in a wide range of applications in
applied and experimental physics,7 including high-energy particle physics, detection of cosmic rays in astrophys-
ical measurements,8 development of novel electromagnetic sources,9–11 localized sensing in biological systems,12
spectroscopy of complex nanostructures.13
In this contribution, we discuss the generation of Cherenkov radiation in transformation-optical metamate-
rials. Metamaterials are engineered, man-made materials composed of subwavelength building blocks, densely
packed into an effective material.14–16 In this way, materials with new optical properties become possible that
simply do not exist in either naturally occurring or conventional artificial materials. Metamaterials can be
used to realize counterintuitive phenomena like negative refraction17 and slow light,18–22 and to construct novel
devices such as perfect lenses23–25 and perfect absorbers. In recent years, there has also been significant inter-
est in the manipulation of Cherenkov radiation inside or in the vicinity of metamaterials.26–37 A special class
of metamaterials is derived from an underlying coordinate transformation. Transformation optics is a frame-
work that exploits the form-invariance of Maxwell’s equations in the design of material parameters of optical
devices.38,39 This design technique has already introduced several new optical devices with unusual proper-
ties, such as the invisibility cloak21,40–42 and more intricate illusion devices,43,44 advanced lensing systems,45,46
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subwavelength cavities,47,48 and field manipulators.49,50 More recently, the technique has also been extended
to more general transformations,51 including time-dependent coordinates,52–55 complex coordinates,56 and field
transformations.57
1.1 Cherenkov Emission in a Transformation-Optical Medium
In this contribution, we explore the generation of Cherenkov radiation in transformation-optical media—full
details of the work can be found in Ref. [47] . We start by considering what happens when a charge moves
along the x axis of a transformation-optical medium with material parameters that correspond to a background
refractive index (b = n2b) on top of which a linear coordinate stretching along the principle axes has been
implemented: x′ = f(x), y′ = g(y), z′ = h(z). Following the equivalence relation of transformation optics, the
material parameters of this medium are given by:
x,x
0b
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µx,x
µ0
=
g′(y)h′(z)
f ′(x)
,
y,y
0b
=
µy,y
µ0
=
f ′(x)h′(z)
g′(y)
, (1)
z,z
0b
=
µz,z
µ0
=
f ′(x)g′(y)
h′(z)
.
The dispersion relation of this medium is gven by
k2x
f ′(x)2
+
k2y
g′(y)2
+
k2z
h′(z)2
= b
ω2
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We can now apply this dispersion relation to calculate the angle of Cherenkov radiation in a transformation-
optical medium. Without loss of generality, we can restrict this analysis to the xy plane. Writing f ′(x) = F ,
g′(y) = G, h′(z) = H and defining αPH as the angle under which the electromagnetic waves are emitted, we find
that
tan (αPH) =
ky
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G
F
√
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F
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where α∗ is the angle of Cherenkov radiation emitted in a medium with refractive index nbF . This angle is
simply given by the traditional Cherenkov formula and, hence, we find that
αPH = arctan
(
G
F
tan
(
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(
c
nbFv
)))
. (4)
The previous result can be better understood from a transformation-optical perspective. In physical space,
the charge is moving at velocity v in the x direction. Since this coordinate is stretched by a factor F , the particle
seems to be moving at velocity Fv in the underlying electromagnetic space. In this space, the particle simply
travels through an isotropic medium with refractive index nb and, therefore, emits Cherenkov radiation with an
opening cone θEM given by
θEM = arcsin
(
c
nbFv
)
. (5)
Translating the emitted radiation back to the physical space, the x and y components of the cone need to
be compressed by a factor F and G, respectively, in the underlying electromagnetic space. The angle of the
Cherenkov cone then becomes
θPH = arctan
(
F
G
tan
(
arcsin
(
c
nbFv
)))
. (6)
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Figure 1. Structure of the metamaterial for modified Cherenkov radiation. The checkerboard pattern indicates the
stretching of the underlying coordinate transformation.
2. DISCUSSION
It is clear that a transformation of a coordinate in the longitudinal direction has a fundamentally different effect
on the Cherenkov radiation than a transformation of a coordinate perpendicular to the direction of propagation.
This is related to the fact that a transformation perpendicular to the trajectory of the charged particle only
stretches the Cherenkov cone, whereas a transformation along the path of the charge also alters the velocity of
the charge in the underlying electromagnetic space. As soon as this velocity drops below the speed of light c/nb,
Cherenkov radiation ceases to exist. In this respect, it is remarkable how the physics changes before and after a
longitudinal coordinate transformation. In contrast to other transformation-optical devices, where existing ray
trajectories are manipulated through an ingenious coordinate transformation, we show here that it is possible to
start from a system without Cherenkov radiation and transform the nonradiating Lie´nard-Wiechert potentials
into Cherenkov radiation and vice versa. Consider, e.g., a charged particle traveling through a dielectric (with
refractive index nb) at a velocity v smaller than the phase velocity of light in that medium v < vφ = c/nb.
Clearly, there is no Cherenkov radiation in this setup. There is a nonradiative electromagnetic field associated to
this particle, which is described by the Lie´nard-Wiechert potentials. Subsequently, it is possible to express this
configuration in a novel coordinate system, in which the particle seems to be traveling faster than the speed of
light in the dielectric. This is a consequence of a longitudinal transformation that can scale the particle’s velocity
above or below the Cherenkov cut-off velocity. In this transformed space, there will be emission of Cherenkov
radiation. Of course, to implement this transformed space inside a specific material, one needs to change the
refractive index of the dielectric (n = nbF , where F is a scaling factor determined by transformation optics),
because of which the phase velocity of light also changes in this medium. In this new medium it is then clear
that v > vφ = c/n, which explains the existence of Cherenkov radiation in the transformed medium. In other
words, this is an intriguing example where the space before transformation and the space after transformation
are fundamentally different.
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